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Resum. Des de final de la decada del 1920 hem sabut que les
galaxies distants s’allunyen de nosaltres. Les observacions
que van conduir a aquesta conclusié van ser principalment les
d’Edwin Hubble. La historia de I'Univers ha estat de continua
expansio i refredament, i marcada per diversos esdeveniments
importants. En un univers dominat per la matéria, és bastant
intuitiu pensar que I'expansié es frenara o, en altres paraules,
que I'Univers s’hauria de desaccelerar. | no obstant aixd, dos
equips, el Supernova Cosmology Project i el High-z Supernova
Search Team, van utilitzar un subconjunt de supernoves del ti-
pus la (SNIA) i van arribar al mateix resultat sorprenent: I’'Uni-
vers s’esta accelerant. Pero llavors, que esta produint I'obser-
vada acceleracié cosmologica? En aquest article es discuteix
el Premi Nobel de Fisica 2011, atorgat a Saul Perimutter, Brian
P. Schmidt i Adam G. Riess pel descobriment de I'expansid
accelerada de I'Univers mitjangant observacions de superno-
ves distants, i revisa el context cosmologic del descobriment i
I'ds de les supernoves com candeles estandard. Algunes de
les consequencies del descobriment també es presenten.
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cosmologica - energia fosca

Abstract. Since the end of the 1920s we have known that dis-
tant galaxies are receding from us. The observations that led to
this conclusion were mainly those of Edwin Hubble. The history
of the universe has been one of continuous expansion and
cooling, marked by several critical events. In a matter-dominat-
ed universe, it is quite intuitive that the expansion will eventually
slow down; in other words, the universe should decelerate.
And yet two teams, the Supernova Cosmology Project and the
High-z Supernova Search Team, used a subset of superno-
va—type la (SNla)—and reached the same surprising result:
the universe is accelerating. But what, then, is producing the
observed cosmological acceleration? This article discusses the
2011 Nobel Prize for Physics, awarded to Saul Perlmutter, Bri-
an P. Schmidt, and Adam G. Riess for the discovery of the ac-
celerating expansion of the universe through observations of
distant supernovae, and reviews the cosmological context of
the discovery and the use of supernovae as standard candles.
Some of the consequences of the discovery are presented as
well.

Keywords: cosmology - supernova - cosmological constant -
dark energy

Introduction

The Nobel Prize in Physics 2011 was divided, one half awarded
to Saul Perimutter, the other half jointly to Brian P. Schmidt and
Adam G. Riess “for the discovery of the accelerating expansion
of the Universe through observations of distant supernovae.”
(Fig. 1)

What today we call cosmology, i.e., the study of the cos-
mos, has a very long history. In ancients times it was mixed
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Fig. 1. From left to right Saul Perlmutter, Brian P. Schmidt, and Adam
G. Riess © The Nobel Foundation. Photos: Ulla Montan.

with religion, philosophy, etc. Today cosmology is its own field
but the need of humanity to understand the universe has re-
mained the same. The present article does not include a de-
scription of the evolution of ideas in cosmology and the many
people that have contributed to achieving progress in the un-
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derstanding of the cosmos; rather, it concentrates on one of
the more recent discoveries: the fact that the expansion of the
universe is accelerating. Besides the topics explained in the
lectures at the Institute for Catalan Studies and Octubre Centre
of Contemporary Culture, this article is aimed at a slightly more
advanced level and includes both related references and a bib-
liography for the reader interested in finding out more about the
subject. In the Introduction, | discuss the context in which the
acceleration of the universe arises, namely, universal expan-
sion.

Since the end of the 1920s we have known that distant gal-
axies are receding from us. The observations that led to this
conclusion were mainly those of Edwin Hubble [11]. We know
that the universe expands because when a distant galaxy long
ago sent a light signal the universe was smaller than when that
signal is received on the Earth. Thus, in the expansion, the
wavelength of light was stretched by the same factor as the
scale of the universe. We receive light from astronomical ob-
jects with the spectrum lines red-shifted. Thus, at the cosmo-
logical scale, we have:

(1)

Here A, is the wavelength at the moment of emission, A, is
the wavelength at the moment of reception (now), a is the scale
at the moment of emission, and a,, is the scale now. Finally, z is
defined as the red-shift. It is quite usual to refer to the red-shift
of distant galaxies, instead of the physical distance. For exam-
ple, z=1 corresponds to about 8000 Mly, where Mly stands for
108 light years. At red-shift z = 1, the dimensions of the uni-
verse were half of what they are today.

Before we continue, several comments are in order. First,
there is nothing special about our position on Earth from where
we measure all distant objects to recede from us. The Coperni-
can principle states that we do not occupy a privileged place in
the cosmos. Let us consider a triangle that has a galaxy at each
of its three vertices. After a cosmological time has elapsed, the
triangle formed by the three galaxies is larger but it is similar
(same shape, i.e., same angles) to the first triangle. From the
point of view of any of the vertices, an observer sees the other
two galaxies receding radially. This is in agreement with the Co-
pernican principle, which is an extension of the Copernican
idea that the Earth is not the center of the solar system.

Second, let us assume that the growing rate of the triangle is
constant. As we will see, this is not exact, but it is a very good
first approximation. The assumption of constant expansion im-
plies Hubble’s law, which describes the linear relation between
distance and red-shift. However, there are several ways to
define cosmological distances. Here we use the so-called lumi-
nosity distance d,,

@

where Fis the flux received and L is the luminosity of the astro-
physical object. According to Hubble’s law:

®)

The proportionality constant H, is the Hubble constant, i.e.,
the expansion rate, and ¢ is the speed of light. The expansion
of the universe is probably the most fundamental cosmological
property. If we go backward in time, distances among objects
become increasingly smaller while densities and temperature
steadily become higher. In the very early universe, all atoms
were ionized, and the content of the universe was a primordial
plasma.

The history of the universe has been one of continuous ex-
pansion and cooling, marked by several critical events. For ex-
ample, within the first few minutes, the fusion of protons and
neutron resulted in the formation of light elements. Later, at
450,000 years, the decoupling of photons occurred. We are
able to observe these relic particles and from their properties
we can extract valuable information about our universe.

The acceleration of the universe

In a matter-dominated universe, it is quite intuitive that the ex-
pansion will eventually slow down; in other words, the universe
should decelerate. It is analogous to what happens when we
throw an object upwards in the gravitational field of the Earth.
The object loses velocity because of the attraction of the Earth.
In the universe, attraction is exerted by all masses among
themselves, implying an eventual deceleration.

To express this formulaically, we write the evolution equa-
tions for the scale parameter a:

@
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where G, is Newton’s gravitational constant, and p and p the
energy density and pressure of the fluid content of the universe,
respectively. The equations include the first temporal derivative
of the scale factor, d = da/dt, as well as the second derivative
& = dPa/dt? . These equations correspond to the particular case
of a flat universe, which is an excellent approximation.

Equations (4) and (5) are directly deduced from the Einstein
equations of general relativity [5], assuming a homogeneous
and isotropic universe. The first steps of applying general rela-
tivity to cosmology were done by Einstein [6] and were followed
by important contributions from Friedmann [8] and Lemaitre
[13]. In a matter-dominated universe p = 0 and, since p > 0, the
minus sign in (5) shows that & < 0. Therefore, we conclude that
a matter dominated universe is decelerating.

In physics, as in all branches of science, experiments must
be performed without prejudice. In principle, the universe
could decelerate, & < O, or accelerate & > 0, or 4 = 0. As stat-
ed above, Hubble’s law (3) has to be regarded as a first ap-
proximation, valid for a small z, i.e., objects not very far away.
In order to measure the acceleration or deceleration, we must
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first measure the dependence between z and d, beyond the
linear approximation expressed by Hubble’s law. We should
make more precise measurements as well as obtain addition-
al data for more distant objects. To measure the red-shift z is
not especially difficult, the hard part is to measure the dis-
tance.

We can use an example to understand why distance meas-
urements are difficult. Imagine we are in a dark room except
for two candles. We measure the light coming from both and
find it is equal. Can we conclude that the candles are at the
same distance? Of course not, because one candle might be
more luminous than the other but be farther away so that there
is a kind of compensation and the light we receive is the same.
This simple example shows that if we knew whether the can-
dles were identical then we could draw our conclusions with-
out any problem. In the language of science, these identical
candles are known as standard candles. When we are sure
that we measure light coming from standard candles we can
indeed conclude that, if the light we receive from the two is the
same, the candles are at the same distance; if the light from
one is one fourth of that from the other, it is at twice the dis-
tance, etc.

In astronomy, the crucial point is to find standard candles,
i.e., astronomical objects with the same intrinsic luminosity.
Supernovae as standard candles were proposed many years
ago [2]. However, while they are extremely bright objects, out-
shining their own host galaxy for a period of time, their intrinsic
luminosities are very different and they are not standard can-
dles. Physicists have found a solution to this problem by identi-
fying a subset of supernova, called type la (SNla), which are
remarkably similar [4]. These supernovae were identified based
on several spectral features, specifically, the presence of lines
of ionized silicon but no hydrogen lines. Underlying this similar-
ity is a common origin. Indeed, it is believed that the origin
might have been the explosion of a white dwarf in a binary sys-
tem, where the companion would have become a red giant [7],
and that accretion, i.e., matter attracted and integrated by the
white dwarf, would have occurred. White dwarfs are end states
of stars that compensate the gravitational attraction by the
pressure of degenerate electrons. However, when the mass
increases and reaches the so-called Chandrasekhar limit (1.4
solar masses), the electron pressure is not able to stop the
gravitational collapse. Consequently, nuclear reactions start,
which can lead to a violent explosion. The fact that all white
dwarfs becoming SNla explode when reaching the Chan-
drasekhar mass is the reason behind the similarity in the intrin-
sic luminosities of this class of supernovae.

SNla are the standard candles that have been used to infer
the measure of distances to the host galaxies where superno-
vae are detected [15]. Actually, there is a small dispersion in
intrinsic luminosities: some of them are brighter at peak and
have a longer duration and some are dimmer and have a short-
er duration. This correlation is such that one can rescale all lu-
minosities in a single profile, with the end result that the disper-
sion is even smaller [17] (Fig. 2). The use of supernovae as
standard candles allows us to determine the relative distances
among them. One introduces into the sample nearby superno-

Fig. 2. Light curves of low red-shift type la supernovae measured by [9]
and [10]. The upper figure shows the absolute magnitude (a measure
of intrinsic luminosity) as a function of time. In the lower figure, the
same light curves after the rescaling explained in the text. (From [14].)

vae whose absolute distances can be deduced by other
means, such as parallaxes. It then follows that the absolute dis-
tance to of all such objects can then be determined.

We can now try to find deviations from Hubble’s law (3).
Working with the cosmological equations one, we achieve the
relation:

©

Here we identify the first term in z as Hubble’s law, so that
the term z° amounts to a correction that vields information
about acceleration. Indeed, the deceleration parameter

7

contains the second derivative of the scale parameter &. In (10),
the dots stand for the terms in z°. Of course, at z ~ 1 a more
general formula is needed. This formula is introduced in the
next section.

Two teams used SNla to plot the red-shift of these objects
versus distance: the Supernova Cosmology Project [16] and
the High-z Supernova Search Team (Fig. 3) [18]. Both reached
the same surprising result: the universe is accelerating. Their
result can be expressed as a determination of g, in (7). Due to
the conventional minus sign in the definition (7), a positive value
Qo > O indicates a decelerating universe and a negative value
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Fig. 3. Observed magnitude versus red-shift. The
part corresponding to the most distant superno-
vae is enlarged to more clearly depict the fit. The
pink part of the figure corresponds to a deceler-
ating universe ,and the blue part to an accelerat-
ing universe. The best fit is for an accelerating
universe with about 0.24 p,, in matter density and
0.76 p, in cosmological constant density. (From
(14]).

gy < 0 means the universe is speeding up. The two teams ob-
tained a negative value in 1998, which led them to infer that the
universe is accelerating. The present experimental value that
can be deduced from supernova data is g, = 0.7 + 0.1.

| should point out that these measurements have been pos-
sible because of technical advances in astronomy: telescopes,
CCD detectors, etc. Also, an alert program was crucial be-
cause the light curve has to be measured before peak bright-
ness (and of course after peak brightness).

Consequences

As equations (4) and (5) make clear, the expansion features are
linked to the energy content of the universe. | already noted
that matter in the universe produces deceleration. But what,
then, is producing the observed cosmological acceleration?

Actually, in the beginning of the development of general rela-
tivity, a term that could contribute to the gravitational equations
describing cosmological acceleration was considered. That
term contained a single free parameter, A, and it is known as a
cosmological constant. For example, it was considered by Ein-
stein himself in order to obtain a static universe, but he aban-
doned the idea after the discovery of the expansion of the uni-
verse. The possible presence of a cosmological constant
should be definitely considered because of the cosmological
observations using supernovae. The cosmological constant is
equivalent to a universal component entering the right-hand
side of (4) and (5). This component has an energy density
p, and a negative pressure p,, = —p,. We easily see in (5) that it
is a contribution to positive values for &, namely, to accelera-
tion.

Let us consider a universe with matter density p,, and cos-
mological constant density p,. It is convenient to work with the
normalized quantities

®

where p, is the critical density, which is the density leading to a
flat universe, given by

©

Let us write a formula relating distances and the parameters
of this universe

(10)

[A second-order expansion of this formula in z leads to (10)].
The supernova data relate d, to z so they can infer allowed and
not-allowed values for Q,,and Q,.

Figure 4 shows a plane that is the parameter space of a uni-
verse with matter and a cosmological constant. The supernova
data are compatible only with a region in the plane; in Fig. 4 the
region is represented by the blue band. It can be seen that the
data do not point to a single point in the plane because there
are experimental uncertainties. Moreover, the region consist-
ent with supernova data is a band, indicating that there is de-
generacy. In the plot, the band coming from the cosmic micro-
wave background is shown in orange, and the band
corresponding to the so-called baryon acoustic oscillations in
green. The bands are again due to the fact that each of these
observations have degeneracy. By considering all data at the
same time we can remove the degeneracy. In fact, all data can
be accommodated by adopting the values Q,, = 0.26 and Q, =
0.74. This simple model is sometimes called the consistency
model. (For an alternative approach to display results see [3].)
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Fig. 4. Parameter space of a simple model with matter and the cosmo-
logical constant. In blue, the region determined by supernovae data. In
orange, the region consistent with cosmic microwave background
measurements is shown; in green, the part delimited by galaxy cluster
inventories. The confidence level contours of 68.3 %, 95.4 %, and
99.7 % are shown as different color densities. The best fit corresponds
to an accelerating universe with about 0.24 p. in matter density and
0.76 p,, in cosmological constant density (w =—1). (From [12]).

The cosmological model with matter and a cosmological
constant is consistent with the data. Is this the end of the sto-
ry? We believe it is not, for the following reasons. The value
needed for the cosmological constant to fit the data is ex-
tremely small in the following sense. According to quantum
mechanics, the vacuum fluctuates constantly. There is a con-
stant creation of matter-antimatter pairs that are immediately
annihilated. Such fluctuations are allowed by the Heisenberg
principle. The energy density associated with these fluctuations
is many orders of magnitude above the observational value.
The conclusion is that we do not understand this small value.
Also, the contributions of matter density and cosmological
density turn out to be not very different from each other; they
are similar up to a factor of two or so. This similarity happens
only within a very short time interval, in cosmological time
scales. This is also not understood.

These problems have originated a large amount of theoreti-
cal work searching for alternatives to the cosmological con-
stant. For example, it might be that the origin of the cosmic
acceleration is the existence of a fluid with exotic properties,

actually with a negative pressure. Let us call ppe and ppe the
energy density and pressure, respectively, and define the ratio

(11)

As noted above, w = —1 corresponds to a cosmological
constant. In general, models of dark energy have w = -1 and
are dependent on time. Models for such fluids have been con-
structed, but we do not have yet a truly convincing model. An-
other possibility is that gravity is modified when considering
large scales. Such modifications are constrained by the obser-
vational fact that in shifting to smaller scales—for example, so-
lar system scales—gravity works perfectly well, without any
need to introduce modifications. Again, no convincing model is
in sight.

Improvement in the cosmological measurements should
give us clues for further progress. For example, Fig. 5 shows a
plot that determines w in (11), assumed to be constant, but not
necessarily equal to —1. In the plot, there are the same three
observations as in Fig. 4. We see that the data are consistent
with a value w = -1, i.e., with a pure cosmological constant.
However, it remains to be determined whether more refined
data in the future select a value w # —1 or continue to be con-
sistent with w = —1. Apart from supernova data, it is believed
that measurements of galaxy cluster abundances, weak gravi-
tational lensing observations, and more precise determination
of the properties of baryon acoustic oscillations may lead to
progress in understanding the origin of the acceleration of the
universe.

As a final remark, Fig. 6 is a chart showing the weight of the
different components in the universe according to our present
measurements.

Dominating the energy budget is the presence of dark ener-
gy, which has a relative importance of 74 %. The remainder

Fig. 5. Parameter space of a simple model with matter and a dark en-
ergy component with constant w [see equation (11)]. In blue, the region
determined by supernovae data is shown; in orange, the region con-
sistent with cosmic microwave background measurements; in green,
the part delimited by the galaxy cluster inventories. Confidence level
contours of 68.3 %, 95.4 %, and 99.7 % are shown. The best fit is
consistent with a cosmological component w = —1. (From [1]). Repro-
duced by permission of the AAS.
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Fig. 6. Only 4 % of the mass of the universe is made up of ordinary
matter.

has a weight of 4 % in normal atoms, and 22 % in dark matter.
Dark matter should have properties very different from normal
matter, and we know it exists because of its gravitational ac-
tion. The fact that the matter comprising human beings, the
Earth, and the sun is a mere 4 % is sometimes called the sec-
ond Copernican revolution. Indeed, we are not at the center of
the universe; rather, the bulk of the universe is made up of
components that differ from those we are made of.
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